• Heterorhabditis indica LPP35, H. indica LPP1 and H. baujardi LPP31 were virulent to Aedes aegypti L3 and L4.
INTRODUCTION
Mosquitoes (Diptera: Culicidae) are of great importance in health, as they are vectors of parasitic and viral diseases in humans and other animals. Aedes aegypti L. stands out as the vector for the viruses that cause dengue and chikungunya fevers, which have afflicted hundreds of thousands of people per year in more than 100 tropical and subtropical countries [1] , as well as being a vector of yellow fever [2] . Various biological control agents, such as viruses, bacteria, fungi and nematodes have been tested in the control of urban pests as an alternative to using conventional insecticides with their attendant problems [3, 4, 5] . In recent decades, the potential of entomopathogenic nematodes (EPNs) has been harnessed for the biological control of insect pests [6] . In some countries, commercial products based on EPNs have already been incorporated into integrated pest management programs for some agricultural crops [7] . Entomopathogenic nematodes in the genera Heterorhabditis and Steinernema ORIGINAL ARTICLE (Rhabditida) are obligate parasites of insects. These nematodes have a symbiotic relationship with bacteria in the genera Photorhabdus and Xenorhabdus, respectively. Infective juveniles (IJs), the only stage of the nematodes found in the soil, enter hosts through natural openings such as the mouth, anus or spiracles, but heterorhabditid IJs can also enter through the cuticle. After penetrating into the host's hemocoel, the nematodes release their symbiotic bacteria, which usually kill the host within 24 to 48 h. The bacteria are also responsible for antibiotic production and for providing nutrition for the nematodes. The nematodes feed, develop, mate, and often complete 2-3 generations within the host cadaver. When resources within the cadaver are depleted, a new generation of IJs is produced and leaves the cadaver to search for new hosts [6] . Welch [8] was the first to test the use of EPNs in controlling Aedes spp., including A. aegypti, in the laboratory and in the field. The application of Steinernema carpocapsae (Weiser) Wouts, Mracek, Gerdin & Bedding reduced the larval population and the emergence of adults. Several authors have examined the fundamental aspects of the relationship between EPNs and the larval stages of mosquitoes and black flies. Dadd [9] noticed that the larval stages L1 and L2 of Culex pipiens L. have mouth dimensions that prevent them from ingesting S. carpocapsae IJs, and few are ingested by L3. The L4 ingest hundreds of IJs, but only a small proportion of these are not damaged by the mouthparts and pharynx of the insect. According to Molloy et al. [10] and Gaugler & Molloy [11] , some larvae of black flies (Simullium spp.) survive the ingestion of S. carpocapsae IJs and can defecate them still alive. On the other hand, many larvae of mosquitoes die even if the ingested IJs do not reach the hemocoel, presumably because they cause physical damage to the larval gut. According to Poinar & Kaul [12] , the hemocoel invasion of C. pipiens L3 and L4 by H. bacteriophora Poinar IJs causes septicemia by the symbiotic bacteria P. luminescens (Thomas & Poinar) Boemare, Akhurst & Mourant or by Pseudomonas aeruginosa (Schröter) Migula, which normally colonizes the larval gut, but only enters the hemocoel after the peritrophic membrane has been perforated by the IJs.
Despite susceptibility to the symbiotic nematode-bacteria complex, larvae of Aedes spp., including A. aegypti, encapsulated part of the IJs of S. carpocapsae, S. feltiae (Filipjev) Wouts, Mracek, Gerdin & Bedding, and Heterorhabditis heliothidis Khan, Brooks & Hirschmann, causing their death. However, most of the larvae die too [13, 14] . The encapsulation and melanization of IJs by larvae of mosquitoes have been studied at histological and ultrastructural levels [15, 16, 17] . It is worth mentioning that some P. luminescens and Xenorhabdus nematophila (Poinar & Thomas) Thomas & Poinar strain have been shown to present oral toxicity to larvae of A. aegypti on their own [18, 19] . Other authors have assessed the virulence of EPNs to mosquito larvae, under laboratory conditions [12, 13, 14, 20, 21, 22, 23, 24] . Nonetheless, the discrepancy in methodological procedures and results limits generalizations. For instance, mortality rates varied from zero in assays involving H. bacteriophora, S. feltiae or S. rarum (Doucet) Mamiya against C. pipiens [20] up to nearly 100% in H. bacteriophora against the same C. pipiens [12] . The calculated LD 50 , useful to predict aspects related to application technology, has been found to vary widely, from 63-80 IJs/larva in H. bacteriophora-C. pipiens assays up to 1,263 IJs/larva for S. feltiae-A. aegypti [12, 14] . Some authors have reported reproduction of EPNs in their host [22, 23, 24] , although no numbers were provided. Collectively, these reports suggest that regional experiments should be performed before one attempts to deploy a biocontrol program.
In the last three decades rampant epidemics of dengue fever have occurred in Brazil and other tropical and subtropical countries, despite efforts by health officials to treat larval sites with the application of insecticides, bacteria and transgenic male mosquitoes [25, 26] . Clearly, more options are needed. Our objective was to test the virulence of different EPNs against A. aegypti larvae, as well as determining the dose-response and progeny of the most virulent strain. We hypothesized that LPP35, a strain isolated from the phytotelma of the bromeliad Nidularium procerum Lindm, would be the most virulent. Insects, particularly dipterans, are the most abundant metazoans associated with bromeliad phytotelmata in the Atlantic Forest biome [27] . Therefore, it is plausible that an EPN strain adapted to this biome would be particularly effective in parasitizing mosquito larvae.
MATERIAL AND METHODS

Cultivating EPNs and obtaining eggs and larvae of Aedes aegypti
The EPNs used in the experiments (Table 1) were multiplied in larvae of Galleria mellonella L. (Lepidoptera: Pyralidae), according to a procedure described by Woodring & Kaya [28] . The IJs that emerged from the larvae were maintained in an aqueous suspension in cell culture flasks at a temperature of 16 Entomopathogenic nematodes for the control of Aedes aegypti larvae Eggs of A. aegypti were obtained from oviposition traps installed in residences in the city of Campos dos Goytacazes, Rio de Janeiro, Brazil. The traps were made in black plastic pots with 1,500 mL capacity, with six pieces of Eucatex  wood (3 × 12 cm) attached to the edge with elastic bands, maintaining the rough side of the wood turned toward the inner part of the pot. Each trap received 250 mL of tap water. The piece of wood containing the eggs was put to dry in the shade for 48 h. After this period they were acclimatized in plastic Gerbox  boxes and stored at room temperature. For egg hatching, the pieces of wood were immersed in deep trays containing about 1 L of tap water to which about 0.5 g of mouse feed had been added. The development from L1 through L4 took approximately 48 h at room temperature (25 ± 3 °C). To conclude the experiments, the larvae were classified at stages L1 to L4 in accordance with their mean lengths of 2.5, 3.9, 5 and 7.3 mm, respectively.
Virulence of Heterorhabditis indica LPP35 to different larval stages of Aedes aegypti
For each larval stage (L1 to L4), plastic cups (5 × 3.5 cm or 50 mL) containing 10 mL of tap water received 10 larvae and a suspension of 1 mL containing 1,000 IJs. Ten repetitions (cups) were used for each larval stage. The control followed the same procedure, except for the absence of nematodes (different larval stages). The experiment was conducted in a completely randomized design. The pots were covered and acclimatized in a growth chamber at 25 ± 2 °C, in the dark. The evaluations were done daily until pupae appeared (at about 7 days), with the number of live and dead larvae being counted. Dead larvae were those presenting a change in color, from white to brown, and the absence of movement. The dead larvae were observed under a stereoscopic microscope to check the presence of IJs inside them. The entire experiment was repeated after the first, with new nematode and insect batches, Assays 1 and 2.
Virulence of different EPNs to larvae of Aedes aegypti
As stages L3 and L4 were the only ones susceptible to H. indica LPP35 (see Results and Discussion), these stages were used in the following experiments. For each EPN (Table 1) 10 plastic cups were used containing 10 mL of water, 1,000 IJs and 10 specimens of a mixture of L3 and L4 (L3/L4) of A. aegypti larvae. The pots were closed and stored in a growth chamber at 25 ± 2 °C, 80% RH and photoperiod of 12 h. The control used the same procedures, except for the absence of nematodes. The experiment was conducted in a completely randomized design. The evaluations were carried out as described in the previous experiment. The entire experiment was repeated after the first, with new nematode and insect batches, Assays 1 and 2.
Dose-response relationship in the virulence of Heterorhabditis indica LPP35 to L3/L4 of Aedes aegypti
To plastic cups of 50 mL, containing 10 mL of tap water and one L3/L4, 1 mL of aqueous suspension was added, containing the doses (treatments) 10, 20, 40, 80, 100 or 160 IJs. The control treatment used the same, except for the absence of nematodes. Ten repetitions (cups) were used and the experiment was conducted in a completely randomized design. The cups were closed and kept in a growth chamber at a temperature of 25 ± 2 °C, in the dark. The evaluations were carried out as described in the previous experiment. The entire experiment was repeated after the first, with new nematode and insect batches, Assays 1 and 2. Entomopathogenic nematodes for the control of Aedes aegypti larvae
Heterorhabditis indica LPP35 progeny in Aedes aegypti L3/L4
The larvae were infected in plastic cups that received 50 mL of water and 1 mL of an aqueous suspension calibrated for 100 IJs/larva. Thirty L3/L4 that presented symptoms of infection and presence of hermaphrodites inside them were individually transferred to Petri dishes with diameter of 6 cm, which were kept for seven days in a growth chamber at 25 ± 2 °C, in the dark. After this period, the IJs emerging from each cadaver were collected and stored separately in test tubes. To count IJs, three aliquots of 0.1 mL were observed in a Peters chamber under a stereoscopic microscope. The progeny/larva was expressed by the mean, standard deviation, coefficient of variation and confidence interval (at 5%), also noting the minimum and maximum values obtained. The experiment was repeated once (Assays 1 and 2) .
Statistical analysis
For the statistical analysis of all experiments, the original data were tested for homogeneity of variances (Cochran and Bartlett tests) and normality of errors (Lilliefors test) at 5% probability, using the System of Statistical Analyses (SAEG) [29] . As the data met the presuppositions, ANOVA was applied. The means for treatments were compared by Tukey test (P< 0.05). For the dose-response experiment, the regression equations were obtained with the program Excel (2007) with alpha 0.05.
RESULTS AND DISCUSSION
Aedes aegypti L1 and L2 instars were not affected by EPNs, only L3 and L4. Heterorhabditis indica Poinar, Karunakar & David LPP35, H. baujardi Phan, Subbotin, Nguyen & Moens LPP31, and H. indica LPP1 were virulent to A. aegypti L3 and L4. There was a positive correlation between larva mortality rate and inoculum density. A. aegypti L3 and L4 supported progeny production of H. indica LPP35, the strain found in the bromeliad, which was also the most virulent strain tested.
H. indica LPP35 caused the death of more than 81% of the A. aegypti L3 and L4, but it was not virulent to L1 or L2 (Figure 1 ). Data were combined and analyzed (F= 47.1; df= 3, 79; P≤0.05). In the cups, mosquito larvae and nematodes were at the bottom and we could visualize L3/L4 ingesting IJs. Moreover, only L3 and L4 presented the brown coloration typical of the infection caused by heterorhabditids with nematodes inside of them (Figure 2 ). These results corroborate the studies carried out by Dadd [9] and Poinar & Leutenegger [17] , who noticed that IJs are ingested by L3 and L4 mosquitoes but not L1 or L2, due to the reduced dimensions of their mouth parts.
H. indica LPP35, H. baujardi LPP 31 and H. indica LPP1 were virulent to L3/L4 of A. aegypti, in both assays with mortality ranging from 80 to 95% in the first assay and 82 to 96% in Assay 2, both differing from the control (F= 157.95; df= 5, 119; P≤ 0.05 and F= 141.84; df= 5, 119; P≤ 0.05, respectively) ( Figure 3) . Results for H. baujardi LPP7 were inconclusive, because the mortality rate reached nearly 40% in the first assay, but it did not differ from the control in the second assay. Previous authors reported generally high virulence of Heterorhabditis spp. towards mosquito larvae, with the exceptions of H. bacteriophora vs. C. pipiens [20] and H. indica vs. C. gelidus Theobald [21] . In the present work, S. carpocapsae All was not virulent to L3/L4 of A. aegypti. Nonetheless, Welch [8] tested another isolate of S. carpocapsae -DD136 -and it was virulent to mosquito larvae. However, we believe this strain is, in reality, from S. feltiae as mentioned in other studies [30, 31] . Differences among isolates of the same EPN species in virulence towards a host may stem from differences in the tritrophic symbiotic interaction of nematode-bacteria-insect. Nonetheless, methodological differences (e.g. inoculation procedures) and errors (e.g. low viability of IJs) cannot be ruled out. S. feltiae may be marginally virulent to mosquito larvae [14, 20] , while for S. rarum there are reports of no virulence towards C. pipiens [20] and a 75% mortality rate of C. apicinus Philippi, larvae [22] . In this study, we used on purpose a small quantity of water that concentrated the mosquito larvae and IJs, therefore maximizing their encounter and likelihood of infection. This is because we wanted to know the EPNs' performance under the best conditions. In preliminary field experiments, we varied the water volume to find out whether it would affect the infection, and it did indeed have an effect [32] . Several authors [33, 34] have highlighted the importance of experiments that supply information about the EPN-host interaction. Dose-response curves indicate the potential of an EPN in relation to a pest. In the current work, the increase in the dose of IJs of H. indica LPP35/larva was positively correlated with the mortality rate of L3/L4 of A. aegypti (Figure 4 ). This trend was also reported for S. feltiae and H. heliotidis against A. aegypti [14] and for S. carpocapsae and H. bacteriophora against C. pipiens Entomopathogenic nematodes for the control of Aedes aegypti larvae of 82 and 355, respectively. This low progeny is probably due to the small number of whole IJs that managed to penetrate the hemocoel of the larvae of A. aegypti [9] and to the low mass (= few nutritional resources) of the host, which determines a smaller progeny of EPNs [35] . However, these results suggest that the EPNs recycling can take place in natural conditions. We also noticed that the size of IJs was the same as that of those produced in G. mellonella or A. aegypti larvae. However, we still need to investigate further to establish if their virulence is similar.
Collectively, these results suggest the potential of H. indica LPP1, H. baujardi LPP31 and particularly of H. indica LPP35 to reduce the density of L3 and L4 of A. aegypti in aquatic urban environments. Nevertheless, the near 100% mortality rate observed for LPP35 under laboratory conditions may not occur under field conditions. Of particular concern are water temperature peaks in small oviposition sites, which may reach unsuitable levels for IJs during summer daytime. Preliminary field experiments, however, have confirmed the potential of LPP35 [32] , and this is encouraging for new on-going trials.
CONCLUSIONS
Heterorhabditis baujardi LPP31, H. indica LPP35 and H. indica LPP1 were highly virulent to L3 and L4 of A. aegypti under laboratory conditions, while S. carpocapsae All was not virulent at all. Results for H. baujardi LPP7 were inconsistent. A positive correlation was observed between the mortality rate of L3 and L4 and the inoculum density of H. indica LPP35 IJs/larva. A. aegypti L3 and L4 supported the production of a small progeny of H. indica LPP35, a strain obtained from a bromeliad tank. This strain seems very promising for A. aegypti larval control.
